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Conclusions. Carmustine wafer implantation during surgical resection followed by the standard chemoradiation protocol for newly diagnosed glioblastoma in adults resulted in a significant progression-free survival benefit.
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Glioblastoma (World Health Organization [WHO] grade IV astrocytoma) is the most common malignant primary brain tumor in adults and among the most aggressive of all tumors.
1,2 Maximal safe resection is recommended as the first treatment because it reduces symptoms, improves survival, and may increase the efficacy of adjuvant therapies. 2 -5 Following surgery, the current standard of care for newly diagnosed glioblastoma consists of combined chemoradiotherapy followed by adjuvant temozolomide (TMZ). 2, 4, 5 This treatment regimen increases median overall survival (OS) by 2.5 months and the 2-year survival rate by 15% compared with radiotherapy alone in a randomized controlled trial. 4, 5 Recently, addition of bevacizumab to this standard treatment failed to improve overall survival but increased adverse effects. 6, 7 However, the effectiveness of this combined chemoradiation protocol is hampered by the recommended delay of 2 to 6 weeks between surgery and start of radiotherapy. 8 Because carmustine wafer implantation in patients undergoing surgical resection provides a theoretical bridge during the nontherapeutic period between surgery and radiotherapy onset, it could offer a means to overcome this crucial "off treatment" period. 9 Two randomized controlled trials have assessed the effectiveness of carmustine wafer and showed a significant increase in OS by 2 to 4 months in newly diagnosed glioblastoma. 10 -13 However, it remains inconclusive whether combining carmustine wafers with the chemoradiation standard protocol is safe and whether it improves survival in patients with newly diagnosed glioblastoma. These combined modalities have been reported in only a small number of studies, which suggested an extended survival and acceptable toxicity. 9,14 -19 Here we report a large multicenter study aiming at assessing the safety and efficacy of combined standard chemoradiation protocol, with or without prior carmustine wafer implantation at first surgery in patients with newly diagnosed glioblastoma. To address the methodological challenges due to the absence of a randomization design, we followed a comprehensive adjustment strategy based on both classical multivariate analyses and use of a propensity-matched cohort design.
Methods

Data Source
This study was conducted in 18 institutions in France. Inclusion criteria were (i) patients older than 18 at diagnosis, (ii) newly diagnosed glioblastoma, 1 (iii) supratentorial hemispheric location, (iv) surgical resection with or without carmustine wafer implantation as first-line treatment, and (v) adjuvant treatment according to the combined standard chemoradiation protocol without bevacizumab as first-line treatment. 4, 5 The decision as to whether to implant carmustine wafers was not randomized but was decided according to: (i) the guidelines from the French Neurosurgical Society, (ii) the preoperative neurosurgical-based expectation of a gross total removal of the contrast-enhanced tumor mass, (iii) obtained informed consent, (iv) the feasibility of an intraoperative extemporaneous histopathological diagnosis, (v) the extemporaneous histopathological diagnosis of a malignant glioma, (vi) the intraoperative observation of an apparently gross total surgical removal, and (vii) the routine practice of each institution. Between January 2005 and June 2011, a total of 820 patients were enrolled. We excluded 33 patients (4.0%) from the cohort (15 with carmustine wafer implantation, 18 without): 6 did not have the full radiotherapy dose, 3 did not receive concomitant chemoradiotherapy, and 24 were not available for follow-up. In the end, a total of 787 cases were available for survival analysis. The institutional review board of the SainteAnne Hospital Center-University Paris Descartes approved the study protocol (no. AC036).
Data Collection
Data were obtained from the medical records using a protocol designed for the study. The patient-and tumor-related characteristics collected at the time of histopathological diagnosis included the following: gender, age, Karnofsky performance status, the revised Radiation Therapy Oncology Group recursive partitioning analysis (RTOG-RPA) classification system for glioblastoma, 20 and histopathological subtypes. Treatment-related characteristics included the following: carmustine wafer implantation, extent of surgical resection based on early postoperative MRI (within 48 h) on contrast-enhanced T1-weighted sequence (subtotal and total resections defined by removal of ≥90% of enhancing tumor 21, 22 ), adverse postoperative events (new neurological deficit, seizures, raised intracranial pressure, hematoma requiring surgical evacuation, woundhealing defect, cerebrospinal fluid leak, wound infection, bacterial and aseptic meningitis, bacterial abscess, systemic thromboembolic complications, postoperative KPS), postoperative first-line oncological treatment modalities (corticosteroid use, time interval between surgery and radiotherapy, radiotherapy dose, number of adjuvant TMZ therapy cycles, KPS at the end Pallud et al.: Carmustine wafer implantation for glioblastomas 
Endpoints
The aim of the study was to assess progression-free survival (PFS), OS, and treatment-related morbidity in patients receiving carmustine wafer implantation (implantation group) compared with those who did not (standard group), with both groups receiving standard chemoradiation. Overall survival was measured from the date of histopathological diagnosis to the date of death for any cause. Progression-free survival was measured from the date of histopathological diagnosis to the date of evidence of progression or to the date of death. Tumor progression was defined according to Macdonald criteria by any of the following: (i) 25% increase in total perpendicular diameters of an enhancing lesion, (ii) any new lesion, or (iii) clinical deterioration. 23, 24 According to the guidelines from the French Neurosurgical Society, a 3-month interval was systematically applied for the clinical and imaging follow-up and a new MRI was performed in case of clinical deterioration. Surviving patients were censored at the date of last follow-up.
Statistical Analyses
Univariate analyses were carried out using chi-square or Fisher's exact test for comparing categorical variables, and the unpaired t-test or Mann -Whitney rank sum test for continuous variables, as appropriate. Unadjusted survival curves for OS and PFS were plotted by the Kaplan -Meier method, using logrank tests to assess significance for group comparison.
Because the baseline characteristics of subjects included in observational studies influence treatment choice, it is crucial to take into account such differences when estimating treatment effects to address bias arising from confounding. Among available methods, those based on the propensity score have recently attracted growing interest in clinical epidemiology. 25 In particular, by pairing treated and control patients sharing similar values on the propensity score, the use of propensitymatched samples has the advantage of mimicking the analysis of a randomized controlled trial. At the cost of discarding all unmatched patients, it allows the direct comparison of the outcome of interest between treated and untreated subjects. In the present paper, we chose to use both classical regression adjustment on baseline characteristics and a propensity-matched cohort design so as to thoroughly test the robustness of our findings regarding the efficacy of carmustine wafer implantation. First, we constructed Cox proportional hazards regression models on the whole series using a backward stepwise approach, systematically adjusting for age, gender, and KPS, entering the predictors previously associated with mortality and progression in univariate analysis at the P , .2 level, and using the carmustine wafer implantation variable in the model as the main variable of interest. Based on Schoenfeld residuals, all the covariates were tested for the proportional hazards assumption, which was not found to be violated. Second, we performed a propensity-matched sample analysis by creating pairs of patients with and without carmustine wafer implantation at first surgery (1:1 matching), based on the closest logit of propensity scores within a predetermined range (caliper set to 0.2 standard deviation of the logit of the propensity score). 26 The model to construct the propensity score included age, gender, KPS, RTOG-RPA class, histopathological diagnosis, and extent of resection as predictors of being treated by carmustine wafer implantation at first surgery. The matching procedure created 262 pairs of patients with and without carmustine wafer implantation. Post-matching imbalance between implantation and standard groups was assessed by computing standardized differences of proportions and means, a value inferior to 0.1 indicating a negligible difference in the mean/proportion of a covariate between groups 27 (Supplementary Table 1 ). Because differences could be expected in the effect of carmustine wafer implantation on PFS and OS depending on the potential influence of the extent of resection, statistical interaction between extent of resection and carmustine wafer implantation was systematically evaluated. Likewise, propensity score calculations were performed separately among those with a total or subtotal resection and those with partial resection as a complementary analysis, yielding similar results for propensity score calculations and outcome comparison (data not shown). A 2-tailed P-value of ,.05 was considered significant. Statistical analyses were performed with Stata software version 12.1, using the user-written psmatch2 program (http://ideas.repec.org/c/boc/bocode/ s432001.html) to compute the propensity score and create pairs.
Results
Whole-Series Analysis
A total of 787 patients (288 women and 499 men) were included, with a median age of 58.0 years (range, 20 -80); there were 354 patients in the implantation group and 433 in the standard group. Patients' main characteristics are summarized in Table 1. A subtotal or total resection was achieved in 72.5% of the implantation group and 63.6% of the standard group (P ¼ .011, n ¼ 745). The median duration of corticosteroid use in implantation was 0.77 (95% CI: 0.63 -0.94; P ¼ .011). The unadjusted HR for PFS in the subgroup with partial resection together with carmustine wafer implantation compared with the subgroup with partial resection and without carmustine wafer implantation was 0.92 (95% CI: 0.70-1.19; P ¼ .521). The unadjusted HR for OS in the subgroup with subtotal and total resection together with carmustine wafer implantation compared with the subgroup with partial resection and without carmustine wafer implantation was 0.65 (95% CI: 0.52 -0.83; P , .001). The unadjusted HR for OS in the subgroup with subtotal and total resection and without carmustine wafer implantation compared with the subgroup with partial resection and without carmustine wafer implantation was 0.71 (95% CI: 0.57 -0.87; P ¼ .001). The unadjusted HR for OS in the subgroup with partial resection together with carmustine wafer implantation compared with the subgroup with partial resection and without carmustine wafer implantation was 0.98 (95% CI: 0.73 -1.31; P ¼ .897).
Pallud et al.: Carmustine wafer implantation for glioblastomas the immediate postoperative period was 5.5 days in the implantation group and 4 days in the standard group (P ¼ .050). The median time from surgical resection to the start of radiotherapy was 8 weeks in the implantation group and 4 weeks in the standard group (P , .0001). After concomitant chemoradiotherapy, patients received a median of 6 cycles of adjuvant TMZ therapy in the implantation group and a median of 6 cycles in the standard group (P ¼ .217); 65.5% and 56.8% of patients completed 6 cycles of TMZ therapy in the implantation group and in the standard group, respectively. Median duration of follow-up from histopathological diagnosis was 16.2 months (mean, 20.0; range, 0 -95). Five hundred sixty-seven patients (72.0%) died over the follow-up period, of whom 9 (1.6%) died from an unrelated cause. Six hundred eighty-four patients (86.9%) re-presented with disease progression, which was subsequently histopathologically proven in 171 cases (25.0%) following a second surgical resection.
In the whole series, unadjusted hazard ratio (HR) for PFS in the implantation group compared with the standard group was 0.81 (95% CI: 0.69-0.94; P ¼ .005) (Supplementary Table 2 ), indicating a 19% relative risk reduction for death or disease progression in patients treated with carmustine wafer implantation when combined with the standard chemoradiation protocol. The median PFS benefit was 2.0 months, with a median PFS of 12.0 months (95% CI: 10.7 -12.6) in the implantation group against 10.0 months (95% CI: 9.0 -10.0) in the standard group (P ¼ .005). The rate of KPS under 70 at the end of first-line oncological treatment was 19% in the implantation group and 20% in the standard group (P ¼ .423, n ¼ 531). In the subgroup of patients with subtotal and total resection, unadjusted HR for PFS in the implantation group compared with the standard group was 0.79 (95% CI: 0.66 -0.96; P ¼ .018), indicating a 21% relative risk reduction for death or disease progression in patients treated with carmustine wafer implantation when combined with a subtotal or total resection and with the standard chemoradiation protocol. In this subgroup, the median PFS benefit was 2.1 months, with a median of 12.1 months (95% CI: 10.7 -13.1) in the implantation group against 10.0 months (95% CI: 9.0 -10.1) in the standard group (P ¼ .017). Kaplan -Meier curves for PFS are shown in Fig. 1 , stratified by the extent of surgical resection and whether carmustine wafers were implanted. In the whole series, 1-year and 2-year PFS rates were 47.1% (95% CI: 42.0 -52.4) and 18.6% (95% CI: 14.5 -23.5) in the implantation group compared with 33.0% (95% CI: 28.9-37.4) and 10.9% (95% CI: 8.3-14.1) in the standard group, respectively (Supplementary Table 3 ). In the subgroup of patients with subtotal and total resection, 1-and 2-year PFS rates were 50.2% (95% CI: 45.2 -55.4) and 21.2% (95% CI: 17.3 -25.1) in the implantation group compared with 34.8% (95% CI: 30.7 -39.2) and 12.3% (95% CI: 9.6 -15.4) in the standard group, respectively.
After multiple adjustments using Cox models ( Table 3 ). Kaplan -Meier curves for OS are shown in Fig. 1 , stratified by the extent of surgical resection and whether carmustine wafers were implanted. The median OS was 20.4 months (95% CI: 19.0 -22.7) in the implantation group and 18.0 months (95% CI: 17.0 -19.0) in the standard group. After multiple adjustments using Cox models (Table 3) 
Propensity-matched Analysis
After propensity score matching (n ¼ 524), a significantly longer PFS was found for carmustine wafer implantation (HR, 0.83 [0.70 -0.99], P ¼ .048) ( Table 4) . Consistent with results from the whole-series analysis, a trend for statistical significance was found between carmustine wafer implantation and extent of resection (P ¼ . The HR for OS in the implantation group compared with the standard group was 1.06 (95% CI: 0.87 -1.29; P ¼ .561) ( Table 4 ). In the subgroup with treated progression (n ¼ 457), surgical resection whether alone at progression or combined with carmustine wafer implantation was independently associated with longer OS compared with no surgical resection at pro- Pallud et al.: Carmustine wafer implantation for glioblastomas of resection and carmustine wafer implantation in their effect on OS, whether considering the whole series or the subgroup with treated progression (P . .5 for both). Examining the potential influence of the institutions on the estimates for carmustine wafer implantation, we found neither statistical interaction nor modification of the estimates after accounting for the cluster effect in Cox models for PFS and OS. An exception was noticed for the propensity-match PFS analysis without stratification by extent of resection (P-values .036 [no cluster] vs .079 [cluster]; interaction test P , .05), whereas significant estimate for carmustine wafer implantation in the subgroup with a subtotal or total resection remained constant (P ¼ .009 vs .002) and the interaction test strictly not significant (P ¼ .40). Pallud et al.: Carmustine wafer implantation for glioblastomas
Postoperative Morbidity
Adverse postoperative event data, available for 567 patients, are detailed in Supplementary Table 4 . The rate of postoperative noninfectious adverse events did not differ significantly between the implantation group and the standard group, except for raised intracranial pressure (P ¼ .004). The rate of postoperative overall infections was significantly higher in the implantation group (7.1%) than in the standard group (1.5%) (P , .001).
The occurrence of postoperative adverse events was not associated with an increased delay between surgical resection and start of radiotherapy (P ¼ 
Discussion
Only a few previous retrospective and prospective studies have analyzed the combination of carmustine wafer implantation with the combined standard chemoradiation protocol for the treatment of newly diagnosed glioblastoma. 9,14 -19,28 -30 Unlike most previous studies, 9, 14, 16, 17, 29, 30 which included both glioblastoma and WHO grade III gliomas, the present study included only newly diagnosed supratentorial glioblastoma in adults. We report here the largest series assessing the impact of carmustine wafer implantation together with the combined standard chemoradiation protocol in newly diagnosed supratentorial glioblastoma in adults. To overcome the limitations inherent to retrospective observational studies and test the robustness of our findings, we performed a standard unmatched multivariate analysis (n ¼ 787) and a confirmatory case-matched analysis using propensity score matching (n ¼ 524), both yielding roughly similar results. 
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First, we demonstrated significantly increased PFS with addition of carmustine wafers at first-line resection in patients with subtotal or total surgical resection followed by combined standard chemoradiation protocol. In detail, we showed an increase in median PFS of 2 months in the whole series, yielding a relative reduction in the risk of disease progression of 18% in multivariate analysis, while a relative reduction of 24% was found in multivariate analysis in the subgroup with subtotal and total resection. Interestingly, we found no significant alteration in KPS associated with carmustine wafer implantation after completion of first-line treatment. Those results are consistent with previous studies.
14 In addition, we confirm that there is no benefit for carmustine wafer implantation unless maximal resection has been achieved, carmustine wafer implantation being an independent predictor for PFSwhen associated with subtotal or total resection but not with partial resection. However, the observed 25% rate of partial removal in the implantation group underlines the difficulty of assessing intraoperatively the extent of resection. 19 Second, and despite this apparent benefit on PFS, it is noticeable that we found no improved OS associated with carmustine wafer implantation at first surgery, whether it be in univariate/ multivariate analysis, considering the whole series or a subgroup with treated progression. Among the elements that could explain such a discrepancy with PFS-including the absence of a true beneficial effect of carmustine wafer implantation-it should also be noted that the implantation rate of carmustine wafers at disease progression was 20.1% in the standard group against only 4.3% in the implantation group, and subsequent effective salvage therapies may have diluted the benefit of the earlier therapy.
The observed adverse postoperative event rates were similar to those previously reported, including the largest series with 250 patients 13 and a large French retrospective multicenter study of 163 patients. 16 We observed a significant increase in postoperative infections with carmustine wafer implantation. In addition, we observed a significant increase in postoperative edema-related changes with carmustine wafers that accounted for higher rates of raised intracranial pressure and delay of radiotherapy onset. However, this increased morbidity did not negatively impact the postoperative oncological treatment. Indeed, number of adjuvant chemotherapy cycles or worsened outcomes were not associated with carmustine wafer implantation.
The interpretation of the present results should be considered under some limitations. First, even though multiple adjustment strategies were applied to deal with confounding, our cohort study design was observational; hence, no causal conclusion can be directly made on the effects of carmustine wafer implantation in the absence of a proper randomized experimental design. Second, several variables of potential interest were not collected in our dataset, including biomarkers with known prognostic value or health-related quality of life outcomes. Finally, we lacked the ability to analyze separately the components of PFS, so as to assess whether and to what extent the benefit we observed with carmustine on PFS originated from delay in radiological progression and/or clinical symptomatic deterioration.
Overall, our findings suggest that carmustine wafer implantation in combination with maximal safe resection, followed by combined standard chemoradiation protocols, may represent a promising first-line treatment option in newly diagnosed supratentorial glioblastoma in adults. The present results warrant a multicenter randomized controlled trial to clearly assess the actual impact in terms of OS in this patient population. Such a clinical trial should ideally include: (i) molecular analyses of relevant biomarkers to identify subgroups of patients who would benefit from such combination treatment strategies and (ii) surgical techniques such as fluorescence guided resection with 5-aminolevulinic acid and intraoperative functional mapping allowing maximal resection and an intraoperative assessment of its extent. 19 
